Interactions between spring wheat (Triticum aestivum ssp. vulgare L.) and undersown Persian clover (Trifolium resupinatum L.) depending on growth stage and plant density Abstract A pot experiment was conducted in the years 2010-2012. The competitive interactions between spring wheat and undersown Persian clover, depending on plant density have been established. The plants were grown in a mixture and in pure sowing at a higher density (according to the rules of proper agricultural practice) and at a density reduced by 20%. Based on measurements of dry matter in the aboveground parts and roots conducted at the wheat growth stages (BBCH) such as: leaf development (12-14), tillering (21-23), stem elongation (31-32), inflorescence emergence (54-56), and ripening (87-89), calculations of indicators such as: relative yield, relative yield total, competitive balance index and relative efficiency index, were performed. Competition between spring wheat and Persian clover continued from the wheat tillering stage until the end of vegetation. The strongest interactions were at the stem elongation stage (the plants competed for 95% of the growth factors), while at the end of vegetation the competition decreased slightly (it concerned 85% of the resources). The aboveground parts influenced one another with higher intensity than the roots. This was visible particularly well during the inflorescence emergence stage, during which the plants accumulated only 8% of the resources in the aboveground parts, while 89% was accumulated in the roots. Wheat proved to be the stronger competitor for the growth factors. It reduced by more than twice the increase in the biomass of Persian clover from tillering until the end of vegetation. In the mixture, the relative growth rate of the aboveground parts of clover was higher than in the case of wheat, while the growth rate of the roots was similar for both species. Plant density had no significant impact on the intensity of mutual interactions.
Introduction
The beneficial influence of intercrops on the soil environment and sanitary conditions of corn has made them a valuable element of the crop rotation system, which is recommended for growing in all systems of agricultural farming [1, 2] . Their positive role is primarily related to the enrichment of soil with organic matter and minerals, the prevention of the movement of nitrogen into the deeper layers of the soil, the prevention of erosion, diversification of biological life in the soil, the increase of biodiversity of agroecosystems and their stability, and in many cases also to the control of weeds and reduction of diseases [2] [3] [4] [5] [6] . Sometimes, the impact of intercrops on the physical properties of soil (especially on its structure and moisture) is emphasised [7, 8] . Their impact on determining yield of plants is smaller. One of the forms of intercrops is undersown crops. They grow together with the main crop and, after the main crop is harvested, their aboveground mass is collected for fodder or (which has been recently most popular) it is incorporated into the soil as green manure. The role of undersown crops in shaping the properties of the agroecosystem is diverse and depends largely on the species of the undersown crop and main crop as well as on abiotic and biotic environmental factors [9] [10] [11] [12] [13] .
Spring wheat is considered a very good main crop, primarily because of its relatively weak tillering, low growth and poor foliage [14] . Clovers, thanks to their welldeveloped root system, high aboveground biomass, and especially the ability to fix atmospheric nitrogen, are considered precious undersown plants. Most information on this subject in the literature pertains to red clover and white clover, or their mixtures with grasses [6] . Relatively little information can be found on Persian clover. However, this plant, if supplied with adequate amounts of water, produces high yields of nitrogen-rich biomass, and its suitability as an undersown crop was confirmed by studies conducted by Płaza et al. [15] and Zarea et al. [16] .
There is a variety of interactions between the main crop and undersown crop. Most frequently, competition for soil resources and light occur. However, species-to-species chemical interactions can also occur [17] . These interactions affect plant density, plant development rhythm, morphological features as well as productivity and fertility [18] . The intensity and direction of the above-mentioned changes depend on the choice of partner species (and varieties), the abundance of habitat, plant growth stage, and plant density [12, 19] . A series of papers on such interactions between main crops and undersown crops have recently been published [11, 13, 20] . However, there is little information about this type of interaction between spring wheat and Persian clover throughout the period of their common vegetation. Furthermore, studies in this field are mainly focused on the aboveground parts, and there are few studies related to root systems.
Based on the above, a hypothesis was presented that competitive interactions can occur between spring wheat and Persian clover. This process would occur with varying intensity depending on the growth stage of plants and their density within the crop, and the aboveground parts and roots of both species will react differently to their combined cultivation. The hypothesis was verified in a pot experiment whose objective was to evaluate competitive interactions between spring wheat and Persian clover in the entire period of common vegetation, depending on their density within the crop.
Material and methods
The basis for the research was three series of a pot experiment conducted at the greenhouse laboratory of the Warmia and Mazury University in Olsztyn. The research was conducted in the following periods: series I -from 12 April to 19 July 2010; series IIfrom 24 March to 30 June 2011, and series III -from 16 March to 28 June 2012. Spring wheat ('Nawra' variety) was sole cropped and was also grown as a companion crop with Persian clover ('Gobry' variety), which was the undersown crop in two densities: recommended and reduced by 20%. The variety of spring wheat was 'Nawra' , and the variety of Persian clover was 'Gobry' .
The factors of the experiment were as follows: ■ spring wheat and Persian clover sowing method: (i) pure sowing (control); (ii) mixed sowing ■ growth stages -BBCH (their determinant was wheat sown in pure sowing in a pot at the recommended density): (i) leaf development (12) (13) (14) ; (ii) tillering (21-23); (iii) stem elongation (31-32); (iv) inflorescence emergence (54-56); (v) ripening (87-89) ■ plant density: (i) higher (according to the rules of proper agricultural practice), in this study referred to as "recommended"); (ii) lower (reduced by 20% compared to the previous one).
The experiment was set up according to the additive pattern, in which the number of plants in a mixture was the sum of their densities in pure sowing. This experimental design allowed for the study of interactions between spring wheat and Persian clover from the beginning of their vegetation and eliminated the influence of interspecific competition on this process [21] .
The experiment consisted of 120 pots (two species in pure sowing and in mixed sowing × two sowing densities × 5 growth stages × 4 replicates) of the Kick-Brauckmann type with a diameter of 22 cm and a depth of 25 cm. In the pots, the caryopses and the grains were sown at the same distance from each other (thanks to templates) at a depth of 3 cm for spring wheat and 1 cm for Persian clover. In the pots with the recommended density, in both sowing methods 19 caryopses of spring wheat and 12 seeds of Persian clover were sown, and in the pots with the lower density 15 caryopses and 9 seeds were sown respectively. This corresponded to the following density of plants per 1 m 2 : spring wheat: recommended density -500, lower density -400; Persian clover: 300 and 240, respectively.
The pots were filled with soil material in the form of Eutric Cambisol (Humic) soil with the content of the fraction below 0.02 mm equal to 64%, dust (0.1-0.02 mm) -12%, and sand (>1 mm) -24%. This soil was characterized by the content of organic carbon from 1.06% to 1.46%, a slightly acidic reaction (pH in 1 M KCl from 5.6 to 6.2), as well as the following nutrient availability (mg × 100 g −1 of soil): a high content of phosphorus (9.2-11.6) and magnesium (8.8-9.1), and a medium content of potassium (12.9-14.5). The soil was taken from a depth of 0-25 cm.
Mineral NPK fertilization was applied one week before sowing the plants. Aqueous solutions of urea, monopotassium phosphate, and potassium sulfate were prepared, added to the soil at an appropriate dose, carefully mixed, and the mixture was placed in pots. For all plants, the same fertilization with phosphorus and potassium was applied in the following amounts (g × pot −1 ): P -0.200 and K -0.450. The nitrogen rate varied depending on the species and sowing method, and was as follows (in g pot −1 ): 0.500 in the case of spring wheat sown in pure stand, 0.300 in the case of mixed sowing of spring wheat with Persian clover, and 0.125 in the case of Persian clover.
Soil moisture in the vegetation period was maintained at a constant level of 60% of the maximum water-holding capacity, and the missing moisture was supplemented daily whenever necessary. The air temperature in the laboratory was kept in the range of 20-22°C for nearly all the time. The experiment was conducted under natural light.
In the period when spring wheat reached the appropriate growth stage, all the plants were removed from the pots (those that were intended for the specific growth stage), and then the aboveground part was separated from the roots. The roots were thoroughly washed on sieves and gently separated from one another. The aboveground parts and roots were dried to air-dry mass and then weighed. In this way, their yield in the individual growth stages was obtained. Detailed results on the dry matter of plants were included in a separate paper [22] .
Based on the values representing dry matter (of the aboveground parts and roots), calculations of relative yield (RY) [23] , relative yield total (RYT) [23] , competitive balance index (Cb) [24] , and relative efficiency index of the species cultivated in a mixture [25] were calculated: ■ relative yield:
■ relative efficiency index: REI = RGR ij -RGR ji determined based on the following formula: RGR = 1/w × dw/dt = d(lnw)/dt where: RY i -relative yield of i species (spring wheat); RY j -relative yield of j species (Persian clover); Y ii -yield of species i (spring wheat) in pure sowing; Y jj -yield of species j (Persian clover) in pure sowing; Y ij -yield of species i (spring wheat) in mixed sowing with species j (Persian clover); Y ji -yield of species j (Persian clover) in mixed sowing with species i (spring wheat); w -aboveground dry matter of the plant;
dw -increase of aboveground dry matter of the plant; dt -period of time in which the increase takes place (it was set at 1 day); d -delta; ln -natural logarithm.
The results presented in this study were averaged from three series of the experiments. They were processed statistically by way of variance analysis for factorial systems, with an error probability of α = 0.05, using the Statistica software. Two factors were taken into account in statistical analysis: growth stage and plant density. To evaluate the differences between the experimental designs, Tukey's test was used, which served to determine uniform groups.
Results
At the stage of leaf development, Persian clover favorably influenced the increase in the aboveground mass of spring wheat, causing it to be greater by 9% in mixed cultivation than in pure sowing (Tab. 1). In the subsequent growth stages, a significant negative impact of the undersown crop on the main crop appeared, which lasted until the end of growth. At the stage of tillering, it was characterized by a 5% reduction of biomass, and in the subsequent periods it increased, reaching its peak values at the stages of stem elongation and ripening. In these periods, the aboveground biomass in the mixture was smaller than in pure sowing by 18% and 20%, respectively. Roots demonstrated another response to common cultivation. At the stage of inflorescence emergence, clover stimulated their development in wheat, resulting in their better formation by 33% on average, as compared to pure sowing. In other periods (which did not differ significantly from each other), a small (negative or positive) impact of clover on wheat was recorded. The different response of the aboveground parts and roots to mixed cultivation was reflected in the biomass of whole plants of this cereal. The relative yield at the stage of leaf development indicates a slight positive impact of clover on wheat. At the stage of tillering, a trend towards a negative effect on the cereal was observed in clover. The negative effect of the undersown crop on the wheat crop persisted until the end of growth, reaching its peak size at the end of the growing season (a 19% reduction in biomass). Relative yields also changed, depending on plant density. A significantly stronger response to mixed cultivation was demonstrated by the aboveground parts of wheat grown at the recommended density as compared to the lower one, with the exception of the stem elongation stage in which a contrary situation was reported. On average for the growth stages, the relative yield of roots for both plant density patterns was at a similar level. This indicated a small positive impact of clover on root development in wheat. Conversely, significant differences caused by sowing density occurred at the stages of leaf development and stem elongation. In these periods, in the experimental design with a lower density their mass in mixed sowing was greater than in pure sowing (by 6% and 12%, respectively), while for the recommended density it was smaller (by 11% and 17%). The analysis of the impact of sowing density on relative yields of whole wheat plants demonstrated that, on average for the growth stages, they reached significantly lower values in the experimental design with the recommended plant density, as compared to the lower one. The interaction of growth stages with sowing density turned out to be non-significant. For the mixture, only a trend to stimulate the growth of wheat was found in the experimental design with the recommended plant density, while for the lower one a trend towards its slight decrease. On the other hand, at the end of the growing season at both sites a negative impact of clover on wheat was recorded, with a clear trend to increase this impact under the conditions of higher sowing density.
During the entire period of mixed cultivation, spring wheat definitely limited the accumulation of dry matter in the aboveground parts of Persian clover (Tab. 2). As early as at the initial growth stage, in the mixture it was reduced by 58% compared to pure sowing. From leaf development till stem elongation, the intensity of this process increased, and then it gradually decreased in strength until the end of the growing season. In the period of the strongest interaction (stem elongation), the limiting impact of wheat was demonstrated in the reduction of the accumulation of aboveground mass by Persian clover by as much as 83% compared to pure sowing. The roots of clover showed a very strong negative response to mixed cultivation from the beginning of the growing season till the stem elongation stage. During this period the reduction of their mass in the mixture, in relation to pure sowing, was from 70 to 75%. From the inflorescence emergence stage, a clear (significant) reduction in the negative impact of wheat was recorded, which lasted until the end of the growing season. At the inflorescence emergence stage, the mass of roots in the mixture was lower than in pure sowing by 44%, and at the ripening stage by 32%. The RY values calculated for whole plants of clover indicate that at the leaf development stage the presence of wheat led to a weaker development of clover (by 46% as compared to pure sowing).
The negative impact of wheat on clover underwent a 2-fold (significant) intensification at the tillering stage, and it remained at a similar level till the end of the growing season. The average plant density for the growth stages significantly differentiated the value of the RY index calculated for roots. Its value for the experimental design with the recommended plant density was significantly higher, which indicates a stronger negative impact of the reduced plant density. The interaction of sowing density with growth stages demonstrated that only at the final stage of growth was the impact of wheat on the size of the aboveground mass of clover stronger at the site with the lower plant density. At the other growth stages, plant density did not differentiate the studied feature significantly. A clear trend towards a stronger negative response of the roots growing in pots with the recommended plant density was observed only at the stem elongation stage. The analysis of the RYT index demonstrates that as early as at the stage of leaf development the species had too few growth factors to satisfy their combined needs (Tab. 3). Therefore, a process of competition for them started, which lasted until the end of the growing season. At the leaf development stage, the species competed for 41% of resources and used 59% in a complementary manner. However, this applies only to clover, as wheat used them fully (as demonstrated by the RY values discussed previously). During this period, the limited resources of the plant accumulated in a larger amount in the aboveground parts than in the roots. The process of competition intensified at the tillering stage (the plants competed for 76% of growth factors), it increased even more at the stem elongation stage (only 5% of the resources were used by wheat and clover in a complementary manner), and then in the further period its intensity was slightly weaker. At the end of the growing season, growth factors were enough to cover 15% of the needs of both species and most of them were used by wheat. From the tillering stage till the end of the growing season, the competition limited the accumulation of biomass in the aboveground parts more than in the roots. A particularly big difference in the distribution of biomass between the roots and the aboveground parts occurred at the inflorescence emergence stage. Limited resources were to a much greater extent used to increase the biomass of the roots than that of the aboveground parts. The plants accumulated in their aboveground parts only 8% of the resources, while 89% were accumulated in their roots. Plant density did not affect the value of the RYT index in the entire growing season. Differences in its value calculated for the roots were recorded only at the stem elongation and inflorescence emergence stages. In the first of these periods, competition limited the uptake of growth factors at the site with the recommended plant density more (by as much as 90%) than with the reduced one (by 44%); at the latter stage an opposite situation was observed. In the mixture, the roots at the site with the recommended plant density absorbed more resources than for pure sowing (by 21%), while in the case of the lower one the absorption of resources was smaller (by 44%). In the mixture throughout the growing season, spring wheat dominated over Persian clover, as indicated by the positive values of the competitive balance index (Tab. 4). The intensity of the competitive effects of wheat on clover had a variable nature in the course of its development. This cereal affected clover in a significantly more intensive way from tillering till the inflorescence emergence stage, whereas this impact was smaller at the beginning (leaf development) and at the end (ripening) of mixed cultivation. The strongest influence became apparent at the stem elongation stage. At the leaf development stage, the competitive advantage of wheat over clover was much more pronounced for the accumulation of biomass in the roots than in the aboveground parts. At the tillering stage, its extent was similar for the aboveground parts and roots, while from the stem elongation stage till the end of the growing season it was most clearly visible in the aboveground parts. On average, for the growth stages no significant impact was recorded of plant density on the value of the analyzed index, calculated both for whole plants and their aboveground parts. The increased competitive advantage of wheat roots over clover roots occurred for the experimental design with the lower density. Plant density also contributed to the differentiation of the values of the competitive balance index at the analyzed growth stages. The lower plant density stimulated wheat plants to a stronger competition with the undersown crop at the beginning (leaf development) and at the end (ripening) of the growing season more than the recommended one. At the other growth stages, the analyzed index did not change significantly depending on sowing density. A comparison of the intensity of the interactions of the aboveground parts of wheat demonstrates that they were stronger for the recommended density than for the lower one at the leaf development and ripening stages. In turn, the root system of this cereal exerted a stronger influence on clover at the recommended sowing density at the tillering, stem elongation and ripening stages, whereas this influence was weaker at the leaf development and inflorescence emergence stages, as compared to the sites with the lower plant density.
In the mixture, the relative growth rate of spring wheat was lower in comparison to Persian clover for the average of plant density and growth stages (Tab. 5). Only in the early growing season (from sowing till leaf development) was an advantage of wheat over the undersown crop observed in terms of the growth rate of the aboveground mass. During this period, the relative growth rate of the roots of both species was the same. Starting from the leaf development stage till the end of mixed growing, clover exhibited a higher growth rate than wheat. As regards the increase in aboveground mass, it was demonstrated most clearly between inflorescence emergence and ripening, while for the roots between stem elongation and inflorescence emergence.
The values of the relative efficiency index, on average for the growth stages, did not show differences depending on sowing density. However, their significant impact was visible at the growth stages studied. In the interphase between leaf development and tillering at the site with the recommended density, the growth rate of wheat was higher than of clover (especially for the aboveground parts) in comparison to the lower density. From stem elongation till the end of the growing season, a more distinct advantage of clover over wheat in terms of the increase in aboveground biomass and roots occurred at the site with the lower density. Plant density had no significant impact on the relationships concerning the growth rate of both species in the mixture between tillering and stem elongation.
Discussion
In the present study, at the early stage of the growing season a small positive effect of undersown Persian clover on the development of the aboveground parts of spring wheat and its lack in terms of the increase in root mass was demonstrated. This was reflected by the development of plants with a larger weight and assimilation surface by this cereal as compared to pure sowing, which gave it a competitive advantage over clover at the later growth stages [22, 26] . However, Kraska [27] showed that undersown red clover does not significantly influence germination, the length of the first leaf, or the length and number of roots of spring wheat. During this period, the cereal negatively affected the initial development of both the aboveground parts (RY = 0.42) and the roots of Persian clover (RY = 0.35). The effect of the above was the formation of smaller and less leafy shoots, and roots of reduced length and weight [22] by clover. However, the negative impact of wheat on clover did not result from the competitive interactions for nutrients, space and light (the plants were small, their life needs were inconsiderable, and they did not shade one another), but from allopathic interactions. This made clover develop smaller roots and shoots than in pure sowing.
The results are partly confirmed in the work by Księżak [28] who demonstrated that the root secretions of spring wheat have an inhibitory effect on the initial development of pea and spring vetch. In a mixture, as early as in the initial vegetation period, some species grow faster than others, and this leads to their dominance at later growth stages [29, 30] . In our own research, the development of plants characterized by greater weight, more abundant foliage and increased length and root weight by wheat as compared to clover determined its dominance in the crop [22, 26] . Therefore, it could successfully compete with clover for water, nutrients and light. It assimilated resources at levels even higher than in pure sowing. However, the inhibitory impact of wheat on clover resulted in the effect that both species together used less than 60% of the available resources.
In the analyzed experiment, there was a deficiency of growth factors for both species, starting from the tillering stage. Competition between them began, and it lasted till the end of the growing season. Its highest intensity was manifested at the stem elongation and inflorescence emergence stages, in which the plants competed for the whole pool of growth factors. The intensity at the end of the growing season was slightly weakened. Also, Carof et al. [20] demonstrated that the most favorable period for competition is stem elongation and/or inflorescence emergence and flowering. These are periods of rapid growth of both aboveground parts and roots, and thus a greater demand of plants for nutrients, water and light, and under deficiency conditions of these factors, of a strong competition for them. Except for the initial period of development, shoots interacted more strongly than roots. Therefore, in the present experiment the competition for light turned out to be stronger than the competition for soil resources. Bergkvist [31] suggests that in a mixture the mutual shading of plants limits their growth more than the deficiency of nitrogen and water. In turn, Thorsted et al. [19] demonstrated a stronger influence of underground competition on the development of spring wheat, and of aboveground competition on the development of white clover. Faget et al. [32] also indicate a significant role of competition between plant roots in mixed sowing. The relationships between the root systems of plants cultivated in a combination are very complex and not fully understood. Much interesting information on their interactions in a mixture will be delivered by a detailed study using specialized equipment [32, 33] .
Wheat and clover assimilate resources proportionally to their size [34] . This was confirmed by the results of the present study. In the analyzed experiment, the competition proved to be asymmetric. Wheat assimilated a disproportionally higher amount of the limited resources than clover. As early as at the first stage of development, the higher growth rate of wheat as compared to clover gave it a competitive advantage, which persisted until the end of the growing season. Thanks to a better developed root system and aboveground parts (especially foliage), it could assimilate water and nutrients more efficiently and make better use of light [22, 26] . However, from the tillering stage a negative impact of clover on wheat was recorded. Carof et al. [20] argue that during this period (tillering) the competition from clover has a significant impact on ear formation, so it is of great importance for determining the grain yield. However, the negative impact of the undersown crop on the cereal was not as large as in the opposite situation. Initially, it was expressed in the form of a tendency towards a slight (3%) reduction in biomass, it increased at the stem elongation stage (to 13%), decreased its intensity during inflorescence emergence (to 6%), and at the end of the growing season was strongest (the reduction in biomass by 19%). The presence of clover in the crop limited the accumulation of biomass only in the aboveground parts of wheat. The roots of this cereal reached a similar weight as in pure sowing, and at the inflorescence emergence stage even a higher one. Thus, under the conditions of deficiency of growth factors, wheat used them to a greater extent. Throughout the entire growing season, wheat plants were taller, had better foliage, and were characterized by a larger assimilation surface, while their roots were longer and more developed in comparison to clover. Therefore, their uptake of water was more efficient (even from the deeper layers) and they were not shaded by clover. Carof et al. [20] demonstrated that deep-reaching roots give an advantage to wheat over clover. This is confirmed by the studies of Thorsted et al. [19] who showed that wheat is a stronger competitor for soil resources and gains more of these resources than clover. Ofori and Stern [35] consider cereals as stronger competitors than legumes, mainly because of their faster growth rate and higher root density, as evidenced in the present study. Känkänen and Eriksson [6] proved that undersown clover poorly competes with barley and therefore does not change its weight. However, in our own research the undersown crop had the most limiting influence on grain yield, which was significantly lower than in pure sowing [22] . A reduction in the grain yield of winter wheat growing in combination with white clover was also noted in the study of Thorsted et al. [19] . Bergkvist [31] is of the opinion that a higher yield of wheat should not be expected when it grows in combination with while clover, because of the fact that it cannot assimilate growth factors (mainly N) from the soil as efficiently as in pure sowing. According to Thorsted et al. [19] , the reduction in the grain yield of wheat was probably caused by competition for light and N during the growing season, and for water during grain filling. Bergkvist [31] , and Schmidt and Curry [36] indicate the movement of nitrogen from clover plants to cereals. In our own research, it led to an increase in N content in wheat [37] , which improved its condition and caused the reduction in the vegetative aboveground biomass not to be high, while in the roots this was not found or its positive effects were reported.
Clovers are considered to be undersown crops which poorly compete with cereals [6] . The present study confirmed this argument. In combination, Persian clover was dominated by wheat for the entire growing season. As early as at the tillering stage, the cereal reached a greater height, was leafier, and was characterized by longer and better developed roots. Thus, it used the limited growth factors more efficiently. In combination with a slower growth rate, its biomass in the mixture constituted less than 30% of the biomass obtained in pure sowing. The poor competitive ability of clover was also a result of the quantitative dominance of the cereal in the mixture. The pressure of wheat on clover was strongest at the stem elongation stage. This was reflected most clearly in the shoot weight of this plant (RY = 0.17). According to Thorsted et al. [19] , competition for light plays an important role in interspecific relationships, especially within a crop of above 20 cm in height where clover is strongly shaded by the cereal. Probably, the deficiency of light has a greater impact on clover than on wheat and slows down its development. The results of the present study demonstrated a reduction in the negative impact of wheat on clover in the final period of the growing season. This is partly consistent with the data provided by other authors [12, 13, 17, 38] .
When wheat entered the ripening stage, its leaves dried up and fell off, its roots were reduced in weight, and a transfer of assimilates from the vegetative parts to the ear took place [22, 26, 37] . Accordingly, its vital needs became small. In this period, clover continued its growth, and as it was less shaded by the cereal and had a great pool of resources to use, it developed more abundantly than in the earlier periods. In the interphase between inflorescence emergence and ripening, its growth rate in the mixture was significantly higher as compared to wheat.
Competition between wheat and clover can change the intensity of interactions depending on plant density [19] . In the present study, the plants competed for a similar amount of growth factors in the case of both plant densities. They were slightly more efficiently used by wheat to build the aboveground parts at the site with the lower density. In this case, the competition of clover was smaller. Thorsted et al. [19] are of the opinion that increased spacing between rows reduces competition for light between plants, which translates into an increase in the aboveground biomass of wheat. In the present experiment, the number of leaves of spring wheat was higher for the lower plant density. These leaves were also characterized by a larger surface area [26] . Therefore, they could make better use of light for building their biomass. Moreover, the lower plant density, and thus a greater living space for individual wheat plants, meant that they could use more of the other growth factors, which led to a reduction in intraspecific competition between them [19, 26] . Reduction of mutual shading allowed for greater access of light into the crop, and thus for the formation of more abundant foliage.
Conclusions
■ Competition between spring wheat and Persian clover lasted throughout the growing season and was the strongest at the stem elongation stage of wheat. ■ Persian clover had a negative influence on the increase in spring wheat biomass from the tillering stage (RY = 0.97) until the full ripeness stage (RY = 0.81), while wheat showed this influence on clover during the entire vegetation period [RY: from 0.54 (leaf development stage) to 0.18 -tillering]. ■ Competition was more limiting on biomass accumulation in aboveground parts than in roots from the stem elongation stage until the end of vegetation (in wheat by 16-55%, and in clover by 19-36%). ■ Wheat proved to be the stronger competitor in obtaining growth factors. Its negative influence on clover was most pronounced during the stem elongation stage (Cb = 1.59). ■ In combination, the relative growth rate of the Persian clover crop was higher than that of spring wheat, and the growth rates of roots were the same. ■ The intensification of competitive interactions did not depend on plant density.
